Prasinophyceae are a paraphyletic assemblage of unicellular algae containing chl a and b. The fact that they have been considered the ancestors of all green algae and embryophyte land plants (i.e. the Viridiplantae sensu Cavalier-Smith [1981] ) has placed them in the spotlight of phylogenetic research (Melkonian 1990 , Sym and Pienaar 1993 , Steinkötter et al. 1994 , Daugbjerg et al. 1995 , Nakayama et al. 1998 , Fawley et al. 2000 . Currently Prasinophyceae include about 20 genera of flagellated and coccoid marine microalgae, some of which have been described only in recent years. EM studies have revealed considerable morphological and ultrastructural heterogeneity. The presence of a flagellar pit, parabasal bodies (Golgi), and muciferous bodies was initially considered as distinctive characteristics but was then shown to be neither unique nor universal for Prasinophyceae (Sym and Pienaar 1993) . Several sets of variously shaped scales on the cell and flagellar surface have been described and used for taxonomy and identification. The internal architecture, the configuration of the flagellar apparatus, and other specific cell organelles are other morphological characters on which phylogenetic relationships have been inferred (Sym and Pienaar 1993) . Pigment composition has also been used to support phylogenetic relationships, highlighting a notable diversity among species despite a rather homogeneous plastid structure (Sym and Pienaar 1993, Egeland et al. 1995a,b) .
Molecular analyses based on the large subunit of the RUBISCO encoding gene ( rbc L) (Daugbjerg et al. 1995) and on the nuclear small subunit (SSU) rDNA (Nakayama et al. 1998 , Fawley et al. 2000 have revealed that prasinophyceans are paraphyletic, thus confirming their morphological and biochemical heterogeneity. At least five major prasinophycean lineages exist within the Chlorophyta (Nakayama et al. 1998 , Fawley et al. 2000 . The relationships among these lineages and other clades with green algae and higher plants are not fully resolved as yet nor have distinctive morphological and biochemical features been identified for each prasinophycean lineage. Molecular results have also shown that scale-less coccoid species appear in several distinct lineages, demonstrating frequent and independent events of reduction in characters across the Prasinophyceae (Courties et al. 1998 , Fawley et al. 2000 .
The order Mamiellales constitutes one of the major prasinophycean lineages. Five genera were confirmed to belong to this order based on molecular data: Mamiella , Mantoniella , Micromonas (SSU and rbc L data; Daugbjerg et al. 1995 , Nakayama et al. 1998 , Fawley et al. 2000 , Bathycoccus ( rbc L data; Daugbjerg et al. 1995) , and Ostreococcus (SSU data; Courties et al. 1998 ). For two other genera, Dolichomastix and Crustomastix , only morphological features are known (Manton 1977 , Moestrup 1990 , Throndsen and Zingone 1997 , Nakayama et al. 2000 . Based only on morphological information, the phylogenetic position of these genera is difficult to infer. Indeed, some Dolichomastix species possess scales that differ from those of other Mamiellales, whereas Crustomastix didyma Nakayama, Kawachi et Inouye, the only species known for this genus, has a specialized cell covering but lacks body and flagellar scales and a pyrenoid (Nakayama et al. 2000) . Lack of features could be interpreted as a primitive condition, yet in the Mamiellales it has been demonstrated to result from secondary losses (Daugbjerg et al. 1995 , Nakayama et al. 1998 ).
Here we describe a new flagellate species, Crustomastix stigmatica Zingone sp. nov., based on morphological, pigment, and molecular data (nuclear-encoded SSU rDNA and plastid-encoded rbc L). We also provide information on pigments, nuclear SSU rDNA, and rbc L of Dolichomastix tenuilepis Throndsen et Zingone and discuss the phylogenetic position of the two genera, Crustomastix and Dolichomastix , in relation to the Mamiellales.
materials and methods
Cultures. A unialgal culture of C. stigmatica , pras1, was established by serial dilution of a seawater sample collected with a Niskin bottle in the Gulf of Naples (station MC, 40 Њ 49 Ј N, 14 Њ 15 Ј E), Mediterranean Sea on 14 May 1995. The authentic strain of D. tenuilepis , Caprim2-4II, was obtained from serial dilution cultures of a seawater samples collected with Niskin bottles at a station south of the Island of Capri (14 Њ 16 Ј E, 40 Њ 30 Ј N), Mediterranean Sea on 6 July 1994. The strain of Micromonas pusilla , MP1, used for pigment analysis, was isolated from the station MC on 8 April 1993. The three cultures were maintained in K medium (Keller et al. 1987 ) without the addition of silicates, adjusted at a salinity of 36 psu. Cultures were kept at 20-24 Њ C and a 12:12-h light:dark cycle at 100 mol photons ؒ m Ϫ 2 ؒ s Ϫ 1 emitted from cool-white fluorescent tubes.
LM observations were made on exponentially growing cultures with a Zeiss Axiophot microscope (Carl Zeiss, Oberkochen, Germany) equipped with Nomarski differential interferential contrast, phase contrast, and bright-field optics. Light micrographs were taken using a Zeiss Axiocam digital camera.
EM preparations. For TEM ultrathin sections, culture material of C. stigmatica was fixed in glutaraldehyde 1% or 2% followed by osmium tetroxide as described in Zingone et al. (1995) . Additional preparations were made using buffered glutaraldehyde 2.5% with and without the addition of a few drops of osmium tetroxide, followed by osmium tetroxide, as indicated in Nakayama et al. (2000) . For whole-mount observations, a drop of culture was placed on a TEM grid and fixed with osmium tetroxide vapors (Moestrup and Thomsen 1980) or with glutaraldehyde 2.5% or 1.25% (Marin and Melkonian 1994) . Grids were rinsed with distilled water, dried, and then stained with 0.5% uranyl acetate. Whole mounts and ultrathin sections were observed using a Philips 400 transmission electron microscope (Philips Electron optics BV, Eindhoven, The Netherlands). Specimens prepared for SEM were fixed with osmium tetroxide, treated as indicated in Zingone et al. (1995) , and observed using a Philips 505 SEM.
Morphological information provided for C. stigmatica is based on approximately 250 EM micrographs. In the description, the cell orientation proposed by Christensen (1980) is followed, with the flagellar insertion defining the ventral side of the cell and the foremost part during swimming considered as anterior. When cells are observed from the dorsal side, with their anterior part at the top, the cell's right side is on the observer's right. This orientation also allows the distinction of the right and the left flagellum. The numbering of the basal bodies and root terminology correspond to those indicated in Moestrup (2000) .
Pigment analysis. Between 5 and 10 mL of cultures of C. stigmatica , D. tenuilepis , and M. pusilla in exponential growth phase were filtered through GF/F filters (25 mm, Whatman Ltd., Maidstone, UK) that were frozen at Ϫ 80 Њ C until analysis. Frozen filters were extracted in 4 mL of absolute methanol by mechanical grinding, and the extracts were filtered through Whatman GF/F filters. The three strains were analyzed twice on two different HPLC systems, using two different methods, Laboratoire Interdisciplinaire des Sciences de l'Environnement (LISE) and Stazione Zoologica di Napoli (SZN), to obtain a more effective separation of carotenoids in case of coelution of different pigments. Identification and quantification of single pigments were realized using chl and carotenoid standards obtained from the VKI (Water Quality Institute) International Agency for 14 C Determination, Denmark. Unfortunately, some pigments (unknown pigments) were not quantified. In the LISE method, the culture extract was injected in a Beckman System Gold HPLC (Beckman Coulter, Fullerton, CA, USA), following the procedure of Vidussi et al. (1996) . A 3-m C 8 BDS column (100 ϫ 4.6 mm, Thermo Hypersil-Keystone, Runcorn, UK) was used, and the mobile phase was composed of two solvent mixtures: A, methanol:aqueous ammonium acetate (70:30) and B, methanol. The gradient between the solvents was the same as in Vidussi et al. (1996) . Absorbance was detected at 440 nm using a model 168 Beckman photodiode array detector to obtain the 400-600 nm spectrum for each pigment. Fluorescence was measured using an Sfm 25 Kontron spectrofluorometer (Kontron Instruments, Watford, UK) with excitation at 407 nm and emission at 660 nm. For the SZN method, the culture extract was injected in a Hewlett Packard series 1100 HPLC (Hewlett-Packard, Wilmington, NC, USA). The column was a C 18 ODS Ultrasphere Beckman (150 ϫ 4.6 mm). The two solvent mixtures were as follows: A, methanol:aqueous ammonium acetate (80:10:10) and B, methanol:ethyl acetate (70:30). The solvent flux was 1.5 mL ؒ min Ϫ 1 , and the analysis duration was 20 min. Pigments were detected at 440 nm using a Hewlett Packard photodiode array detector model DAD series 1100, which gives the 400-to 700-nm spectrum for each detected pigment. Names and abbreviations used for pigments follow the SCOR nomenclature .
DNA extraction, PCR, and sequencing. For molecular analysis, cultures of C. stigmatica and D. tenuilepis were harvested during the exponential growth phase by centrifugation. Total nucleic acid extractions were performed using a modified 2 ϫ hexadecyltrimethylammonium bromide procedure (Doyle and Doyle 1990) . Total nucleic acid preparations were used as template for the amplification of the nuclear SSU rDNA and rbc L genes. PCR amplifications were performed in a Hybaid PCR Express machine (Thermo Hybaid, Ashford, UK) using the primers ss5 and ss3 (Rowan and Powers 1992) for nuclear SSU rDNA (30 cycles of 1 min at 94 Њ C, 1 min at 52 Њ C, and 2 min at 72 Њ C) or the primers RH1S and CE1161R (Daugbjerg et al. 1994) for rbc L (30 cycles of 1 min at 94 Њ C, 1 min at 55 Њ C, and 2 min at 72 Њ C) and Taq DNA polymerase (Boehringer, Mannheim, Germany). Additional primers were designed for PCR amplifications of the internal regions of both genes (Table 1) . Amplified DNA fragments were purified with the QIAEX II purification kit (Qiagen Genomics, Bothell, WA, USA) and directly sequenced on a Beckman Ceq 2000 automatic sequencer, using Dye-Terminator cycle sequencing kit (Beckman). Resulting sequence phenograms were analyzed using the software package DNASTAR (DNASTAR, Madison, WI, USA).
Phylogenetic analysis. Genes from different compartments of the cell (i.e. the nuclear-encoded SSU rDNA and the plastidencoded rbc L) were selected to obtain independent hypotheses of the phylogenetic relationships between C. stigmatica and D. tenuilepis. Sequences used for comparison were chosen across the chl a ϩ b algae (Tables 2 and 3). As outgroups for sequence comparison we selected Cyanophora paradoxa (Glaucocystophyceae) for the rbc L and the latter species and Chlorarachnion reptans (Chlorarachniophyceae) for the SSU rDNA. Merged sequences were aligned by eyeball in Se-Al v1.d1 (Rambaud 1995) . The rbc L sequences aligned without problems; only those positions were removed that would otherwise disrupt first, second, and third codon positional arrangement. Two regions in the nuclear SSU rDNA sequence (i.e. the tip of the V4 region and the loop at the tip of the terminal stem region in the secondary structure) revealed ambiguous multiple alignment possibilities and were therefore removed. The final alignment comprised approximately 1700 base pairs per sequence over 1774 positions.
Phylogenetic significance of informative sites was assessed by comparing the measure of skewedness (g 1 value) obtained under the random trees option in PAUP* (version 4.0b8; Swofford 2001) with empirical threshold values in Hillis and Huelsenbeck (1992) . Substitution model and parameters describing among site-rate variation were estimated using Modeltest 3.0 (Posada and Crandall 1998) and then imported into neighbor joining (NJ) and maximum likelihood (ML) analyses in PAUP*. Weighted maximum parsimony (MP) phylogenies were inferred using the heuristic search procedure with the tree bisection/reconnection, branch swapping algorithm, and the Goloboff fit criterion (K ϭ 2) option in PAUP*. Bootstrap values for clades were obtained with 1000 replicates for NJ and MP (without weighting). Extra base changes needed to explain alternative topologies were evaluated using MacClade (Maddison and Maddison 1992 Cells bean-shaped, 3-5 m long, 1.5-2.8 m wide. Flagella inserted in the concave side of the cell, with a very acute angle to the cell surface. One chloroplast with two lobes and without a pyrenoid. Stigma consisting of a single layer in a parietal position in the middorsal part of the cell, opposite to the flagellar insertion. Cells lacking flat scales. Flagellar T-hair scales about 0.3 m long. Tip hair scales in bundles of three, about 0.5 m long, composed of 40 subunits. A few P lhairs, about 1.9 m long located along the proximal part of one flagellum, with 36-38 globular subunits.
Holotype: Embedding Pras1/N6OS deposited at the Stazione Zoologica "Anton Dohrn", Naples, Italy.
Type locality: Gulf of Naples Etymology: The specific epithet refers to the presence of an eyespot, or stigma. Rowan and Powers (1992) . c PCR primers, designed by Daugbjerg et al. (1994) . (Fig. 1E ). Slower cells are seen to rotate around the anteroposterior axis while moving, whereas faster cells seem to glide around this axis. It is difficult, however, to establish whether this gliding is real or an optical effect caused by rotation. When cells stop, the flagella are shed quickly and dissolve in a few seconds, leaving only a pale trace.
TEM. TEM whole mounts (Fig. 3 , A-F) confirm the absence of body and flagellar scales other than three types of hair scales. A few P l -hairs (sensu Marin and Melkonian 1994) , 1.9 m long, are found along the proximal part of the shorter flagellum (Fig. 3A) . These hair scales comprise a proximal shaft (Fig. 3 , B and C), 1.2 m long, a distal part consisting of 36-38 globular subunits, and a faint terminal filament 0.5 m long. Tip hair scales, 0. 5 m long, are present at the pointed ends of both flagella in bundles of three (Fig. 3, D and E) . They comprise one larger basal subunit and about 50 globular subunits and bear a distal filament 0.7 m long (Fig. 3E ). Lateral T-hair scales ( Fig. 3F ) are about 0.4 m long, tubular in shape, and bear a short (0.1 m) faint filament at both ends. In ultrathin sections (Figs. 4, A-L, and 5, A-E), a round-oval nucleus with a large nucleolus occupies a large part of the chloroplast-free cell space in the right side of the cell (Fig. 4 , A, C-E, and F). To the left, a long sausage-shaped mitochondrion (Fig. 4G ), circular to oval in cross-section (Fig. 4 , A-C, and E), runs more or less adjacent to the inner chloroplast face along the anteroposterior axis of the cell, slightly obliquely. A well-developed Golgi apparatus is present ventrally with respect to the mitochondrion, in the left side of the cell close to the flagellar bases (Fig. 4 , B and C). An inconspicuous microbody is at times detected adjacent to the ventral side of the chloroplast (Fig. 4B ). Vesicles with granular or particulate material abound (Fig. 4, B and E) . A membrane similar to the external cell envelope surrounds these structures.
Some vesicles contain a fibrous material (Fig. 4I) . A single chloroplast is located in a parietal position along the dorsal and lateral sides of the cell (Fig. 4 , A-F), expanding into two lobes (Fig. 4, A and F) at the anterior and posterior poles. The chloroplast is surrounded by a double membrane and consists of three to five lamellae, each formed by three thylakoids, immersed in a granular matrix (Fig. 4H) . A pyrenoid is absent, and one or two starch accumulations are seen in some sections (Fig. 4D ). An eyespot or stigma formed by a single layer of osmiophilic globules is located in the dorsal part of the chloroplast, opposite to the flagellar insertion (Fig. 4 , A-C). Up to nine globules are counted in a single tangential section (Fig.  4K) . A similar aggregate of osmiophilic globules is visible at times in one of the chloroplast lobes (Fig. 4J) . Cell body and flagella appear to be covered by a double-layer membrane, with the external layer not markedly thicker than the internal one (Fig. 4L) .
The basal bodies (Fig. 5 , A-E) are about 700 nm long. They form an acute angle with the ventral surface of the cell (Figs. 4A and 5, A and B) and among themselves (Fig. 5E) . A distal fiber connects the basal bodies (Fig. 5, C-E) . Two microtubular roots emerge from basal body 1 (Fig. 5, C and D) . The 1d root, corresponding to R1 in the root terminology proposed by Moestrup (2000) , consists of three microtubules (Fig. 5, C and D) and runs under the cell membrane toward the posterior pole of the cell (Fig. 5A) . The 1s (ϭ R2) root shows a 3ϩ1 microtubular pattern in its proximal part (Fig. 5D) . Neither a multilayered structure nor a rhizoplast were observed.
Pigments. The two methods used gave comparable results. Absorbance chromatograms (440 nm) obtained with the LISE method are presented in Figure 6 , and their related peaks are listed in Table 4 . To compare the pigment content among the three species analyzed (C. stigmatica, D. tenuilepis, and M. pusilla) and with other existing data, ratios of the different quantified accessory pigments on chl a are presented in Table 5. More than 20 pigments, 8 of which form the major peaks, were detected (Fig. 6, Tables 4 and 6) .
Molecular phylogeny. The nuclear SSU rDNA: Length distribution of 10,000 random trees was highly skewed, indicating significant phylogenetic signal in the SSU rDNA alignment (g 1 ϭ Ϫ1.6545 given 425 parsimony informative sites). Results from Modeltest indicated high sequence complexity and nonrandom distribution of changes across the SSU rDNA. The phylogeny resulting from ML analysis constrained with optimal Modeltest parameters revealed a series of well-supported lineages (Fig. 7) . Our results indicate paraphyletic Prasinophyceae. Topology among the lineages remained poorly resolved and changed considerably depending on outgroup choice. Even with all outgroups removed from the analysis, the topology among the lineages remained poorly resolved (Fig. 7) . Nonetheless, outgroup choice did not affect the topology within the lineages.
Dolichomastix tenuilepis and C. stigmatica were recovered as sister species. Together they formed a wellsupported sister clade to an equally well-supported clade with the remainder of the Mamiellales. Altogether, these taxa are recovered in one of the principal prasinophycean lineages. A tree resulting from weighted MP analysis (K ϭ 2, tree not shown) revealed the same topology for the Mamiellales. Results of bootstrap analysis showed high support for this topology, yet topology among the principal lineages of the green algae remains poorly resolved. Choice of radically different values for K in weighted MP analyses resulted in different topologies among the principal lineages but did not affect topology within Mamiellales.
The rbcL: Initial K2P distance analysis of only third positions in the rbcL alignment revealed massive satu- ration, with distances among taxa ranging between 0.3 and 1.5. Even within Pyramimonas species, distances between 0.11 and 0.55 were observed. High substitution saturation was also inferred from a virtually normal distribution of tree lengths among 10,000 randomly generated trees. If only first and second codon positions were included, obtained K2P distances within the ingroups ranged between 0.02 and 0.15, yet bootstrap support for most clades was low. In an attempt to improve resolution within and among ingroups, we removed the outgroup taxon. Nevertheless, basal ramifications among clades obtained insufficient boot- Results of MP bootstrap analysis also provided only marginal support (53%) for such a grouping. Therefore, basically rbcL failed to provide phylogenetic information at the taxonomic level of relationships across mamiellalean genera. discussion Morphology and taxonomy of Crustomastix stigmatica. The flagellate described here is attributed to the monospecific genus Crustomastix based on the morphological similarity with its type species, C. didyma, recently described from the northwestern Pacific (Nakayama et al. 2000) . The two species share a number of features, which include the bean-like cell shape, lateral insertion of the flagella, general arrangement of the body organelles, and absence of a pyrenoid. Both species lack flat scales and have similar flagellar hair scales. T-hair scales only are different in C. didyma, having one row of distal globular subunits in addition to the proximal tubular shaft. The thin crust forming the cell covering, which gives the name to the genus (crusta ϭ crust, mastix ϭ a whip, flagellum), is a character less prominent and difficult to detect. Similarly to M. pusilla (Manton 1959) , C. stigmatica possesses a membrane consisting of two distinct electron dense layers, but differently from C. didyma, the outermost layer is not significantly thicker than the inner one. In LM, cells lose their shape as soon as they stop moving, whereas flagella dissolve in a few seconds once they are shed. These observations confirm the extremely fragile nature of the external cell and flagellar envelope, which probably explains the irregularities seen in EM sections at the cell surface. In C. didyma, a "crust" is only revealed with specific fixation procedures (Nakayama et al. 2000) , and therefore the cell envelope could be as delicate as in C. stigmatica. Unless the crust is an artifact of the fixation procedure, it is also possible that it can be revealed in other scale-bearing or naked prasinophyceans as well, provided that the appropriate fixation procedures are applied.
The main character distinguishing C. stigmatica from C. didyma (Table 7) is the consistent presence of a conspicuous stigma in the central part of the chloro- (Vidussi et al. 1996) . For peak identification, see Table 4 . Fig. 7 . ML phylogram inferred from nuclear SSU rDNA sequences of 41 taxa (see Table 2 ). Proportion of sites assumed to be invariable ϭ 0.4689; rates assumed to follow a gamma distribution with shape parameter ϭ 0.6224. Assumed substitution rates: A⇔G ϭ 2.447, C⇔T ϭ 4.784, all other substitution rates are 1.000 by default (Modeltest: TrN ϩ I ϩ G); ϪLn likelihood ϭ 12328.739; length ϭ 1266, consistency index ϭ 0.467, retention index ϭ 0.600. Values above internodes of major clades indicate MP bootstrap values (1000 replicates, full heuristic search with TBR branch swapping option); those below internodes are bootstrap values (1000 replicates NJ trees of ML distances under the same Modeltest parameter settings). A "-" indicates a bootstrap value less than 50%. Bootstrap values associated with minor clades have been omitted for clarity. Streptophyta have been positioned as outgroup. Prasinophycean clade numbering follows Fawley et al. (2000) .
plasts. This is visible in LM as a bright-yellow refringent body and in TEM as a group of electron-dense vesicles tightly apressed. Some lipid vesicles are described in the same position in C. didyma; however, they are smaller and not seen in LM. In addition, a second eyespot in a chloroplast lobe, which is frequently seen in C. stigmatica, is not described for C. didyma. The presence of additional pigmented granules in the chloroplast has previously been used as distinctive character, for example, in Pyramimonas plurioculata Butcher (Butcher 1959) .
Crustomastix didyma differs from C. stigmatica also in the presence of a duct, a deep invagination of the plasmalemma opening in the ventral surface of the cell. This structure was revealed in C. didyma only by a special fixation procedure (Nakayama et al. 2000) , like the cell coat. We repeated the same procedure three times and observed 100 ultrathin TEM sections without finding any convincing evidence of the presence of a duct in C. stigmatica. Though it seems unlikely, we cannot exclude the possibility that a duct was not observed due to unnoticed differences in the fixation procedure or in culture conditions.
In the flagellar apparatus, a multilayered structure associated with root 1d is described for C. didyma (Nakayama et al. 2000) . This structure was not detected in C. stigmatica. Other peculiar characteristics of C. stigmatica are the absence of a rhizoplast and the extremely small size and scarce visibility of the microbody. The latter was ambiguously identified only based on its presumed position. These differences again could reflect fixation problems; however, both a rhizoplast and a microbody were clearly discernible in ultrathin sections of D. tenuilepis prepared for TEM in the same laboratory with the same procedure as that used for C. stigmatica (Throndsen and Zingone 1997) .
Despite the resemblance in shape, most cells of C. stigmatica are consistently shorter than the minimum length indicated for C. didyma (i.e. 4 m) in both living and glutaraldehyde-fixed material. The width of C. stigmatica fell more frequently within the range indicated for C. didyma (2-3 m). Differences were also noticed in the swimming behavior. However, these observations need verification using the same conditions of vessels and light.
In conclusion, differences and affinities between C. didyma and C. stigmatica support the erection of a new species and its attribution to Crustomastix, respectively. Yet the taxonomic importance of characters in Mamiellales is not fully known; therefore, molecular information on C. didyma will be valuable to confirm the relationships between the two species.
Pigment composition. The pigment suites of C. stigmatica and D. tenuilepis reflect the high diversity and heterogeneity found in the pigment pool of the class Prasinophyceae (Sym and Pienaar 1993 , Egeland et al. 1995a ,b, 1997 , Wilhelm et al. 1997 ). The two species share with M. pusilla chl a and b and Mg-2,4-divinyl pheoporphyrin a 5 momomethyl ester (MgDVP). Ratios of chl a over total chl in the three species are similar to the values reported for another mamiellalean alga, Bathycoccus prasinos (Egeland et al. 1995b ). The chl b/chl a ratios are lower than values reported in many studies (Hooks et al. 1988 , Fawley 1992 , Simon et al. 1994 , Chrétiennot-Dinet et al. 1995 , Jeffrey and Vesk 1997 but similar to those found by Egeland et al. (1995a) .
Large differences exist in the carotenoid content among C. stigmatica, D. tenuilepis, and M. pusilla. Crustomastix stigmatica lacks prasinoxanthin and uriolide but possesses siphonaxanthin. A similar pigment suite has been found in other prasinophyceans, including the mamiellalean Ostreococcus tauri (Chrétiennot-Dinet et al. 1995) . The pigment suite of D. tenuilepis is instead more similar to that of M. pusilla and of the rest of known Mamiellales. However, the relative content of prasinoxanthin is much lower in D. tenuilepis than in M. pusilla. A comparably wide range of prasinoxanthin/chl a ratios has been found in prasinoxanthincontaining Prasinophyceae (Fawley 1992 , Simon et al. 1994 . Hooks et al. (1988) separated them into two groups, with a discriminating threshold ratio of 0.2. Following this classification, D. tenuilepis would correspond to the limit between the two groups, whereas M. pusilla belongs to the second group (ratio Ͼ 0.2). Thus, the three species examined encompass the whole range of variability for prasinoxanthin content, including its absence. The pigment uriolide also shows considerable differences among the three species examined. It is absent in C. stigmatica but produces a high surface peak in M. pusilla. Its presence in D. tenuilepis is not fully confirmed, because only traces of a pigment with the same retention time as uriolide were found. Other differences are the higher values of ␤-carotene/chl a ratio in C. stigmatica and the absence of ␣-carotene in M. pusilla and D. tenuilepis. Some of the unidentified carotenoids found in our analyses, that is, the unidentified M1-like "unknown a" and "unknown b" pigments, have similar absorption properties and probably correspond to unidentified pigments found in M. pusilla, M. squamata, and other prasinophyceans by other authors (Table 6) .
Another peculiar feature in pigment composition of C. stigmatica is the presence of high amounts of zeaxanthin. In green algae, zeaxanthin is involved in the photodependent xanthophyll interconversion cycle and is synthesized from violaxanthin under light stress (Demming-Adams 1990). In C. stigmatica, zeaxanthin could be synthesized under lower light intensity than in M. pusilla and D. tenuilepis, which lacked zeaxanthin. Dolichomastix tenuilepis showed a rather high violaxanthin/chl a ratio as compared with C. stigmatica and M. pusilla. Violaxanthin is the principal carotenoid in some prasinophyceans, including Ostreococcus tauri (Chrétiennot-Dinet et al. 1995) and Pyramimonas parkeae (Kohata and Watanabe 1989) and the Mesostigmatophyceae Mesostigma viride (Fawley and Lee 1990) . However, differences in pigment ratios could also be related to growth conditions, especially light quantity (Fawley 1992) , day length, and diel variations (Kohata and Watanabe 1989) , as well as to ecophysiological characteristics of the clones examined (Guillard et al. 1991) .
Differences in pigment compositions in closely related species are difficult to explain, because functional implications of presence/absence and replacements of pigments are not fully clarified. High proportion of chl b could be an adaptation for growth at low light (Yokohama 1981) . The presence of MgDVP, with maximum of absorption at 439 nm (i.e. between the absorption maxima of chl a and chl b) could further increase the capacity of light absorption in the blue region of the spectrum, thus suggesting an adaptation to an ecological niche deep in the water column. The xanthophylls siphonein and siphonaxanthin also absorb light in the blue-green and green part of the spectrum (500-550 nm) (Yokohama 1981 , Anderson 1983 ) and efficiently transfer light excitation energy to chl a (Anderson 1983) . They could correspond to an adaptation of algae to deep green coastal waters (Yokohama 1981 (Yokohama , 1983 . Prasinoxanthin and siphonaxanthin seem to be functionally comparable (Wilhelm et al. 1986 ), although the absorption maximum of prasinoxanthin (457 nm) is narrower than that of siphonaxanthin (446-466 nm) . Notably, many prasinophyceans have been isolated from deep layer (Guillard et al. 1991 , Simon et al. 1994 , so an efficient light-harvesting and excitation transfer systems to chl a could be an adaptation of these algae to a low light environment.
Phylogeny of C. stigmatica and D. tenuilepis. The phylogeny inferred from nuclear SSU rDNA shows that C. stigmatica and D. tenuilepis are distantly related sister species within Mamiellales. To confirm both their inclusion and their basal position in this order, we had to add representatives of all other chl aϩb orders to the phylogenetic survey. The nuclear SSU rDNA phylogeny failed to resolve relationships among these orders unambiguously but adequately resolved relationships within them, confirming results obtained with similar data by other authors (Courties et al. 1998 , Nakayama et al. 1998 , Fawley et al. 2000 . Based on morphological characters of C. didyma, Nakayama et al. (2000) suggested that the genus Crustomastix represents an early divergence from other Mamiellales and a "missing link" between the Mamiellales and the Pyramimonadales. Although nuclear SSU rDNA analysis confirms the basal position of Crustomastix within the Mamiellales, low bootstrap values do not allow to resolve properly the phylogenetic relationships of this genus with other orders of the prasinophyceans.
Results of our rbcL analysis did not resolve phylogenetic relationships at the levels needed for this study; they even failed to assess the phylogenetic position of species within single clades. These results are similar to those shown by Daugbjerg et al. (1995) , who obtained little or no bootstrap support for major prasinophycean clades.
Recovery of C. stigmatica and D. tenuilepis as nearest neighbors in a sister clade to the remainder of the Mamiellales allows erection of a monophyletic sister order to monophyletic Mamiellales sensu stricto. Yet their inclusion in the Mamiellales also retains monophyly for the order. The questions that we have to deal with next is whether a single clade with Mamiellales can be circumscribed with shared derived character states and whether the two sister clades can be delimited likewise.
Phylogenetic status of morphological features in Mamiellales. The addition of C. stigmatica and D. tenuilepis retains monophyly for the Mamiellales but does not help identify any unifying and distinctive morphological character for the order (Table 8 ). The order Mamiellales was erected for scale-bearing Prasinophyceae lacking a proximal layer of square-or diamond-shaped scales (Moestrup 1984) . Initially, the order only in-cluded the flagellate genera Mantoniella, Mamiella, Dolichomastix, and the coccoid Bathycoccus (Moestrup 1990) . Most species in these genera possess body and flagellar scales with a spider-web pattern formed by concentric and radiating ribs. Only two of the four Dolichomastix (i.e. D. nummulifera and D. tenuilepis) have scales without radiating ribs. Subsequently, phylogenies inferred from rbcL (Daugbjerg et al. 1995) and SSU rDNA (Nakayama et al. 1998 ) demonstrated that the scale-less uniflagellate M. pusilla also belongs to Mamiellales. Both phylogenies demonstrated that absence of scales and presence of a single very short flagellum in M. pusilla result from secondary loss because the species appears in an advanced position in the Mamiellales. Lack of traits is even more pronounced in Ostreococcus tauri, the smallest eukaryotic organism known at present (Courties et al. 1994 ). This species not only lacks scales but also flagella and a pyrenoid (Chrétiennot-Dinet et al. 1995) . Our SSU phylogeny confirms results of Courties et al. (1998) that this tiny coccoid species belongs to the Mamiellales.
The genus Dolichomastix was erected to include species with very long flagella (Manton 1977) , a feature thereafter shown not to be diagnostic for the genus (Throndsen and Zingone 1997) . It was included in the Mamiellales due to the lack of underlayer scales (Moestrup 1984 , Moestrup and Throndsen 1988 . The position of the flagellar insertion and the general architecture of body organelles of D. tenuilepis (Throndsen and Zingone 1997), very similar to those of Mamiella and Mantoniella species, further supported this inclusion. As for the genus Crustomastix, Nakayama et al. (2000) tentatively attributed the scaleless species C. didyma to the Mamiellales based on the combination of several microanatomical features, including organelle configuration, position and structure of transitional region of the flagella, and absence of a microtubular root associated with the second basal bodies. However, as these authors pointed out, single states associated to these characters in the Mamiellales are probably homoplasies, because they also exist in species belonging to other prasinophycean orders. Indeed, no single morphological feature can be identified that is unique to the Mamiellales nor that is present in all the species of the order.
Our results also confirm nonmonophyly for the two families of the Mamiellales, namely, the Mamiellaceae and Micromonadaceae, which group scalebearing and scale-less Mamiellales, respectively. In fact, the phylogenetic position of M. pusilla and Ostreococcus tauri clearly showed that the two families are nonmonophyletic (Fawley et al. 2000) . Similarly to the main clade of the Mamiellales, the clade formed by D. tenuilepis and C. stigmatica is not homogeneous, the former species having body and flagellar scales with concentric ribs, the latter lacking scales. Therefore, the families Mamiellaceae and Micromonadaceae have representatives in both clades of the Mamiellales. This is not surprising, because the absence of scales, and in general morphological reduction or missing characters, have occurred as a result of secondary loss all across prasinophycean clades and therefore cannot reliably define phylogenetic groups. Another example is provided, in the order Pseudoscourfieldiales, by the scale-bearing flagellate Pseudoscourfieldia marina and the scale-less coccoid Pycnococcus provasolii. These two species show a high genetic similarity (Daugbjerg et al. 1995 , Fawley et al. 1999 , which suggests that they represent different stages of the life cycle of two closely related species.
The only morphological character that could circumscribe the clade formed by D. tenuilepis and C. stigmatica as distinct from the main mamiellalean clade is the shape of flagellar T hairs. Species of the genus Mantoniella and Mamiella have two rows of globular subunits on the flagellar T hairs, which according to Nakayama et al. (1998) would be a truly shared derived state of the order. In D. tenuilepis and C. stigmatica, T hairs consist instead only of a tubular shaft with thin and short filaments at one or both ends, respectively. However, the state of this character in other species attributed to the genera Dolichomastix and Crustomastix is not homogeneous. In C. didyma, flagellar T hairs have one row of subunits in addition to the 
Characters were selected based on their relevance to the phylogenetic discussion. tubular shaft (Nakayama et al. 2000) . In Dolichomastix, T hairs have only been described for D. lepidota Manton (Throndsen and Zingone 1997) , which has the two rows of globular subunits like Mamiella and Mantoniella species. Also the spider-web scales covering the cell body and flagella in D. lepidota and in D. eurylepidea Manton are closer to those of Mantoniella squamata than to the ones with concentric pattern of D. nummulifera Manton and D. tenuilepis. This suggests that the genus Dolichomastix could in fact include more than one genus (Moestrup 1990 ) and that D. lepidota could belong to Mantoniella (Throndsen and Zingone 1997) .
Phylogenetic status of pigments in the Mamiellales. Different classification systems of Prasinophyceae have been proposed based on pigment composition. In the system proposed by Egeland et al. (1997) , three groups are recognized. Dolichomastix tenuilepis would belong to the group 3, which is characterized by the presence of prasinoxanthin and/or uriolide and hence also includes M. pusilla, whereas C. stigmatica would belong to the group 2, due to the presence of siphonaxanthin. A higher heterogeneity within Mamiellales is shown according to a classification based on six distinct pigment groups (Sym and Pienaar 1993) . In this system, most Mamiellales including M. pusilla belong to group 6, which is characterized by the presence of prasinoxanthin, MgDVP, and uriolide, along with minor unknown pigments. Crustomastix stigmatica, together with O. tauri, fits instead in group 4, which presents some pigment characteristics of Ulvophyceae (siphonein/siphonaxanthin and absence of prasinoxanthin) and others of Prasinophyceae (MgDVP). Finally, D. tenuilepis probably belongs to group 5, differing from species of group 6 due to the lack of a clear peak of uriolide as well as of several unknown pigments.
Phylogenetic structure of the Mamiellales as shown by molecular data (Fawley et al. 2000 , this study) does not correspond with patterns in pigment data. Not a single pigment defines Mamiellales, nor the two clades identified within the order. Crustomastix stigmatica have a pigment suite clearly different from that of D. tenuilepis but similar to that of the naked coccoid O. tauri, which belongs to the major clade of the Mamiellales. In addition, C. stigmatica and O. tauri lack uriolide, which was previously believed to be shared by all species in the order Mamiellales (Nakayama et al. 1998) , though is present in other clades as well.
Many pigments appear to be ancestral features of species. For instance, MgDVP is a common feature in all Mamiellales so far analyzed for pigments (Fawley 1992 , this study). However, MgDVP is not unique for this order, because it has been found in other prasinophyceans (Ricketts 1970 , Hooks et al. 1988 ) and even in a cryptophyte (Schimek et al. 1994) . Another example of a possibly ancestral pigment is siphonein/ siphonaxanthin, which is found in the Mamiellales C. stigmatica and O. tauri and in several unrelated species of the group 4, scattered across Pyramimonadales, Pseudoscourfieldiales, and Chlorodendrales (Sym and Pienaar 1993) . Siphonein/siphonaxanthin have been considered an evolutionary relict of some Chlorophytes (Anderson 1983) . Their loss in M. pusilla and in the other Mamiellales of the pigment groups 5 and 6 (Sym and Pienaar 1993) would be a more derived character state. Apparently, secondary loss or substitution of pigments are easy to occur, as also demonstrated by a strain of M. pusilla (CS-170) from the Coral Sea, Australia, indistinguishable from other strains, which lacks MgDVP but has a chl c 3 -like pigment (Jeffrey 1989) .
The mismatch between phylogeny and pigment composition revealed by the Mamiellales, and in general by the Prasinophyceae, also has meaningful consequences for chemotaxonomy. Despite the importance of pigment suites in taxonomic identification of species, the use of single pigments as taxonomic markers of higher taxonomic groups within prasinophyceans is presently impossible.
In conclusion, the addition of two new taxa to the Mamiellales has shown a higher level of diversity than originally assumed for this order. Our study has also confirmed that the former circumscriptions of Mamiellales and of families within the order are weak. Indeed, no sound character redefines the order Mamiellales based on morphological or pigment features or to distinguish families within the order. We also confirmed the nonmonophyly of the Prasinophyceae. To obtain a classification of Prasinophyceae that is both natural and taxonomically meaningful, a multitude of orders is needed along the grade leading to Ulvophyceae, Chlorophyceae, and Trebouxiophyceae. This conclusion is not surprising if one takes into account that all the lineages considered are very ancient and have presumably undergone many morphological and biochemical changes in the course of their long evolutionary history.
